As the main power source, the stable supply of energy is important for urban sustainable development. It is necessary to systematically evaluate the security level of urban energy supply, based on which the key influencing factors can be investigated and then the energy supply security can be improved. Ecological network analysis, a helpful systematic analysis tool, was introduced to evaluate the level of urban energy supply security, with the merit of connecting different components within a holistic network system. Such indicators as system sustainability and weights of different components were calculated to analyze the characteristics of energy supply system based on information and structure analysis. The established model and indicators based on ecological network analysis were applied by choosing the natural gas supply system in Chongqing city as the case. The results show that the level of natural gas supply security in Chongqing generally increased during 1997-2012. And the natural gas production sector, consumption sector, and domestic suppliers outside the city caused greater impact on the natural gas supply system than other components during the study period. Based on a few scenario analysis, certian suggestions were put forward to improve the security level of natual gas supply in Chongqing.
Introduction
In the era of climate change, much attention has been paid to energy consumption and its related emissions and caused various impacts. However, it should be noticed that the stable energy supply is vital for socio-economic development, especially for cities that support >50% of the world's population [1, 2] . Therefore, it is necessary to first understand the security level of urban energy supply, and then realize the potential risk and prepare the measures to improve and ensure energy supply security levels. It becomes particularly urgent when considering the IEA's projections that global city energy use will increase to 12,374 Mtoe in 2030 [3, 4] .
To satisfy these demands, an effective evaluation method of urban energy supply security is required, which possesses the merit of comprehensive quantitative assessment of the overall security level, systematic investigation of limitations, and scientific identification of effective regulation measures. It is concluded that the core is the systematic feature, based on which the interactions among different components can be considered, which enables the scientific identification of existent problem and effective regulation. Considering its advantage in system analysis, ecological network analysis is introduced to simulate the urban energy supply system and evaluate the security level, which is regarded as a powerful system-oriented analysis tool that connects various components within a system [5, 6] .
And the natural gas supply system in Chongqing city, China is selected as the case to demonstrate the application of ecological network analysis. Based on the simulation results, some regulation suggestions were also put forward to improve urban energy supply security. The model and indicators established in this paper can be further developed and extended to simulation and evaluation of other energy supply systems in other cities.
Methods
In order to evaluate the security level of urban natural gas supply, three parts of work needs to be complemented, i.e., constructing the network model of urban natural gas supply system, collecting required data, and conducting related calculation and analysis.
Establishment of Ecological Network Model of Urban Natural Gas Supply System
Referring to the basic procedure of ecological network analysis, a network model of urban natural gas supply system can be established after finishing the following three steps: a) choosing the urban natural gas supply system as the concerned system and confirming its boundaries, which usually includes both the city itself and external natural gas suppliers, b) confirming the components of the urban natural gas supply system, which usually includes the internal parts (e.g., the natural gas production, refining, and consumption sectors) and external parts (e.g., both domestic and foreign natural gas supply sources outside the city), and c) connecting the system components according to the knowledge of natural gas flows among different sectors. Finally, the ecological network model of urban natural gas supply system was constructed, as shown in Fig. 1 . X1: natural gas production sector; X2: natural gas refining sector; X3: natural gas consumption sector; X4: natural gas reserve sector; X5: domestic natural gas supply sources outside the city; X6: foreign natural gas supply sources;, fij: flow from component j to component i, zi: flow into component i from outside the system, yj: flow out of the system from component j.
Data Collection
The detailed data on natural gas flows among the different components was collected mainly from China Customs Statistics Yearbooks [7] and China Energy Statistical Yearbooks [8] . The former yearbook can provide data on natural gas imports and exports, while the latter can provide that on such energy equilibrium as production, refining, and consumption.
Calculation and Analysis
After collecting required data, concrete calculation can be conducted to evaluate the urban natural gas supply security, where the fixed indicator of ecological network analysis can be applied to analyze the characteristics of urban natural gas supply system. Firstly, the system's sustainability based on information analysis, marked as C, was used to describe the overall security level of natural gas supply system. It is mainly influenced by two attributes, i.e., efficiency (marked as A) and resilience (marked as Ф), which is closely related to system's connectivity and pathway diversity, respetively [9] . The concrete calculation are given in Equations 1-3.
where fij means the flow from component j to i, fi. expresses all flows into component i, f.j denotes all flows from component j, T.. means the total system throughput, and n expresses the number of components in the natural gas supply system. The security level of urban natural gas supply system is higher with greater value of C.
Secondly, structure analysis was also applied to identify the key components by quantifying the weight of each component, which represents their influencing degrees on the natural gas supply system. The calculations are shown in Equations 4 and 5 [10] .
Where N denotes the integral flow of the supply system, diag (T) is the diagonalized through-flow vector, and W means the weight of different components in the supply system.
Results and Discussion
After collecting the data of Chongqing city during 1997-2012, the ecological network analysis was conducted to evaluate and regulate the urban natural gas supply security from the following aspects.
Overall Level of Urban Natural Gas Supply Security in Chongqing
The overall security level of urban natural gas supply is shown in Fig. 1 . It is found out that the natural gas supply security in Chongqing generally increased during the study period, with the increase of system sustainability (C). However, there was a relatively obvious decrease in 2009, which is mainly contributed by the decline of resilience (Ф). 
Structure Analysis of Urban Natural Gas Supply System in Chongqing
In order to define the main components that influence greatly on the natural gas supply system, the structure analysis was coducted based on calculation of weights of different components. As shown in Fig. 2 , the production sector, consumption sector, and domestic suppliers outside the city influenced greater on the whole natural gas supply system than other components during the study period, among which the production sector always displayed the biggest influence. w1 means the weight of natural gas production sector, w2 means the weight of natural gas refining sector, w3 means the weight of natural gas consumption sector, w5 means the weight of domestic natural gas supply sources outside the city, and w6 means the weight of foreign natural gas supply sources.
Regulation of Urban Natural Gas Supply Security in Chongqing
Scenario analysis for regulation of natural gas supply system was completed to improve the level of natural gas supply security, mainly from two aspects, i.e., regulating the internal componnets (e.g. the production and consumption) and the external ones (e.g., the domestic and foreign supply sources outside the city). As indicated in Figs. 4 and 5, the change of the natural gas supply system is more obvious when altering the internal components than that when altering the external components. In terms of the internal components, the systme change is more obvious when altering the natural gas production than that when altering the consumption. With regards to the external components, the systme change is more obvious when altering the domestic suppliers than that when altering the foreign suppliers. Orig. means the original values of A, Ф and C in 2012; 1/2Orig., 1/3Orig., 1/4Orig., and 0Orig. represents the situation when the amount of natural gas consumption is decreased to one half, one third, one fourth and even 0 of the original amount, respectively; 2Orig., 3Orig., 4Orig., and 10Orig. means the situation when the amount of natural gas production is increased to two, three, four, and ten times of the original amount, respectively. Orig. means the original values of A, Ф and C in 2012; 1/2For., 1/3 For., 1/4 For., and 0 For. means the situation when the supply amount of natural gas from foreign sources is decreased to one half, one third, one fourth and even 0 of the original amount, respectively; 1/2Dom., 1/3 Dom., 1/4 Dom., and 0 Dom. represents the situation when the supply amount of natural gas from domestic sources outside the city is decreased to one half, one third, one fourth, and even 0 of the original amount, respectively; and 0 For. & Dom. denotes the situation when the supply amount of natural gas from both the foreign and domestic sources is decreased to 0.
Conclusions
The energy supply security is important for urban development. A systematic method is needed to evaluate the security level of urban energy supply. Considering its merit of linking different components within an interactive network system, ecological network analysis was introduced to construct the network model of urban energy supply system. The established model and related indicators was used to evaluate the level of urban natural gas supply security in Chongqing city. It is found out that the natural gas supply security in Chongqing roughly increased during 1997-2012. And the production sector, consumption sector, and domestic suppliers outside the city had bigger influence on the natural gas supply system than other components during the study period. In order to improve the security level of natual gas supply in Chongqing, it is suggested to increase the production and domestic supply outside the city based on the simulation results. 
